Abstract
Southern Ocean Islands, despite their equitable oceanic climates, have recently experienced a number of pronounced climate variations. Shifts in water availability in this region are of concern; however, methods of measuring water availability are currently inadequate. Recent advances using stable carbon isotopes ( 13 C) in Antarctic mosses to record long-term variations in water availability suggest that this technique might be applicable in other locations where conditions are cold enough to produce meaningful moss growth for reconstructions. Verification of this technique at each new location is essential, however, due to disparity between species and climates. Here, variations in  13 C BULK with growth water availability were measured in three moss species on subantarctic Macquarie Island. We found these subantarctic mosses showed no difference in  13 C BULK signatures between growth water environments and displayed more negative  13 C BULK ranges than those from East Antarctica, suggesting that climatic differences override the microclimate signal. Despite significant differences in leaf cell morphology there was no variation in 
13
C BULK between these subantarctic species. It maybe that these species are unsuitable as biological proxies due to their growth form being less dense than the turf forming Antarctic species. This underlines the need to carryout preliminary research into moss carbon isotope fractionation for each new region, and for each species, where palaeohydrological reconstructions are planned -a step that
Introduction
The subantarctic region is seasonally one of the most stable regions of the world in terms of temperature and preciptiation, due chiefly to the influence of the Southern Ocean.
Large Table S1 for temperature trends).
Whilst data from pollen records show changes in climate have occurred in this region in the past (Scott 1985) it is the unique combination of warming and drying that makes . The use of carbon isotopes ( 13 C) in subantarctic mosses to record long-term variations in water availability could represent a fine-scale, high resolution technique to fill in such observational gaps. The ability of mosses to reflect bioavailable water in their  13 C is a result of their simple physiology. Unlike vascular plants, mosses lack stomata meaning that they cannot regulate their carbon dioxide or water uptake through any physiological response, and therefore mosses in terms of water relations are poikilohydric (Rice, 2000; Williams & Flanagan, 1996) . Consequently, the resistance to CO 2 diffusion in moss is altered by the presence or absence of a water film on the moss surface, which can create large barriers to carbon assimilation due to the much lower CO 2 diffusivity in water than in air (Rice & Giles, 1996 
Stable carbon isotope fractionation in mosses and their use as a proxy for water availability

Climatic considerations on carbon isotope fractionation in mosses
Abiotic factors, other than water availability, such as light intensity and temperature have also been shown to influence δ Climatic conditions between the previously tested Antarctic environment (Bramley-Alves et al., 2015) and the subantarctic environment are categorically different (Fig. 2) .
Macquarie Island supports year round conditions which are warmer and wetter than Casey Station in East Antarctica with less seasonal fluctuation (Fig. 2) implemented as a palaeohydrological proxy in this region.
Moss morphological effects on carbon isotope fractionation
Morphological differences between moss species have also been shown to significantly affect carbon isotope fractionation of moss by influencing the CO 2 diffusion resistance With these considerations in mind we seek to expand the use of  however, then this research will prevent prospective reconstructive studies in the subantarctic from erroneous interpretations in the future and foster the search for other proxies of water environment and climate change.
Methods
Subantarctic study site and species
Macquarie Island was selected as the subantarctic study location. Kindb. and Sanionia uncinata (Hedwig), were selected for this study due to their identifiable features and abundant distribution across water gradients on the plateau.
Subantarctic sample collection
For each of the three study species, moss plugs (~ 2 cm 2 by 4 cm deep) were collected from areas in which moss was observed to grow in one of three different water . Once collected, samples were oven dried to a constant mass at 60°C and returned to Australia/Austria for analysis.
Sample preparation
Samples were prepared for  Samples were measured against a CO 2 reference gas, calibrated to IAEA-CH-6 and IAEA-CH-7 reference materials (International Atomic Energy Agency, Vienna, Austria).
Typical standard deviations of δ Table S2 ).
Comparisons of 
C BULK in mosses between Antarctic and subantarctic locations
In our equivalent Antarctic investigation (Bramley-Alves et al., 2015), we explored the effect of water environment on the δ 
Moss surface temperature regimes at Antarctic and subantarctic locations
The difference between maximum air temperature and moss surface temperature over diurnal time scales was assessed at both locations using iButtons fixed to the surface of the moss, or cushioned within sponge, which has been found to be a reliable substitute for moss turf (King, 2009). Antarctic moss surface temperatures over the period of active growth were captured using three iButtons (December 2012 -January 2013).
Subantarctic moss surface temperatures were captured using 12 iButtons over the months of April and May 2015, as growth activity occurs year round. Other climatic parameters over these periods were retrieved from the Australian Bureau of Meteorology.
Variations in morphological features between Antarctic and subantarctic species
Cell wall thickness of subantarctic moss species was examined in samples collected from intermediate water environments as described in Bramley-Alves et al., (2015) . Results
were then compared to those of Antarctic species collected from intermediate environments in Bramley-Alves et al., (2015) . Growth habit of all species was examined.
Statistical analysis
The change in δ 13 C BULK between environments (wet-dry difference: δ 13 C W-D ) was calculated by subtracting the mean dry δ 13 C BULK from the mean wet δ 13 C BULK . Data analyses were conducted in the statistical program JMP (Ver. 5.1 SAS Institute Inc., U.S.). Prior to analysis raw data were tested for normality using the Shapiro-Wilks W Test, and for homogeneity of variance using Cochran's C test. Transformations were performed when necessary to satisfy assumptions. Data were analysed using general linear models. Differences in δ
13
C BULK between subantarctic environments and species
were assessed using a two-way ANOVA, with δ 13 C BULK as the dependent factor and environment and species as the main effects alongside their interaction term. Differences in cell wall thickness and in δ
C BULK between moss species from Antarctic and subantarctic sites were examined using a one-way ANOVA, with species as the main effect. Where significant interactions were found Tukey HSD post hoc tests were used to identify significantly different means.
Results
The influence of growth water environment and species on 
C BULK under subantarctic field conditions
There was no significant interaction between selected moss species and water C BULK values (Fig. 3) . Moreover, moss δ 13 C BULK did not differ significantly between growth water environments on Macquarie Island (F 53, 45 = 1.91, p = 0.16).
However, while not significant, a trend was apparent with mean δ 13 C BULK values in wet sites less negative (-26.6 ± 0.4‰) than either intermediate (-27.4 ± 0.4‰) or dry sites (-27.9 ± 0.4‰), with a δ
13
C W-D of 1.3‰ (Fig. 3) . This trend was particularly clear in B.
pendula. Fig. 4 ).
Variations in morphological features between Antarctic and subantarctic species
Differences between cell wall thickness were statistically significant among all three (Table 1 ).
Moss surface temperature regimes between Antarctic and subantarctic locations
Antarctic moss surface temperature, during a period of active growth, was more variable under Antarctic conditions than subantarctic conditions (Fig. 6) . 
Discussion
Recent work demonstrated the accuracy of δ (Rice & Giles, 1996) . We suggest that the higher prevalence of water in the subantarctic environment (in the form of fog, mist, rain and sleet) triggers the continual presence of thin (< 2 mm) water films on the surface of moss that masks potential differences between wet and dry sites. Climatically, Antarctica and the subantarctic are very different (Fig. 2) . The Antarctic air is very dry, and while it is colder than the subantarctic, solar radiation can heat up the surface of moss beds to over 25°C within the course of a day ( pendula (Fig. 3) . In previous Antarctic studies a δ species. For example, the propensity for similar water films to cover moss on a day-today basis whenever it is foggy in the subantarctic environment suggests that the diffusional resistance maybe alike in all species regardless of morphological differences in cell wall thickness, such as those observed here (Fig. 5) .
Interestingly, while the  13 C BULK signal of subantarctic mosses was within the range of other moss species in the region (Supporting Information, Table S2 ) it was more negative than the 
13
C BULK signal of moss species from East Antarctica (Fig. 6) Comparisons of cell wall widths between the two polar locations, however, show that the range of all three subantarctic species was within that of the Antarctic species (Table 1) (Fig. 2) . By observing the moss surface temperature of Antarctic and subantarctic moss beds during periods of active growth we found that moss surface temperature in Antarctica is diurnally highly variable, whereas the mean moss surface temperature on Macquarie Island is consistently higher and temperatures far more stable than seen in Antarctica despite being recorded two months later in the year (Fig. 6 a & b) . Subantarctic turf temperature remained close to the mosses likely optimal Antarctic moss turfs, on the other hand, experience sub zero temperatures almost daily, with day time temperatures rising above 15°C for a few hours around midday. Studies suggest that higher moss surface temperatures may cause CO 2 diffusion through water to increase less than RuBisCO activity and consequently trigger greater diffusional limitation of photosynthesis leading to less carbon isotope fractionation (O'Leary, 1988).
Therefore we would expect the higher moss surface temperatures in the subantarctic to produce less carbon isotope fractionation than in the comparatively colder Antarctic environment, and thus more positive  13 C BULK signatures, however this was not the case.
Other field studies suggest that an increase in temperature is linked to a decrease in δ This shift in isotope fractionation in relation to temperature is very large and if we were to apply it to the difference in temperature between Antarctica and the subantarctic we would project almost a 12‰ difference which is unrealistic. Another study examining Fig. S1b ). Clearly this is an area that warrants further investigation with a single species, perhaps the widly distributed species S. uncinata, across multiple locations.
We suggest that the influence of growth form and temperature on  O'Leary 1981). This would suggest increased carbon isotope fractionation in the subantarctic and may add to the temperature and growth form effect. Larger sampling sizes and more advanced measures to estimate microsite water availability may also uncover differences in  13 C BULK between growth water environments on subantarctic or maritime Antarctic islands on which precipitation is more variable than on Macquarie Island.
Conclusions
The use of δ 13 C BULK in subantarctic mosses as a proxy for growth water environment is complicated by a range of climatic factors that make temporal environmental interpretation challenging. These findings currently limit the application of moss δ 
